The radiative index of dryness (or aridity index) is a non-dimensional measure of the long-term balance between rainfall and net radiation. Quantifying aridity requires spatially distributed information on net radiation and rainfall. The variability in net radiation in complex terrain can be modelled at high spatial resolution by combining point data with equations that incorporate the effects of elevation, surface geometry and atmospheric attenuation of incoming radiation. At large spatial scales and over long time periods, however, the combination of seasonality, year to year variations and spatial variability in climate result in complex spatial-temporal patterns of incoming radiation, which are more effectively captured in satellite-based measurements. This study uses a high resolution model of shortwave radiation as a tool for downscaling satellite-derived data on incoming radiation. The aim was to incorporate topographic effects on net radiation in complex terrain while retaining information on regional and seasonal trends captured in satellite data. The method relies on satellite-based measures of incoming radiation from the Australian Bureau of Meteorology (BoM) to provide the spatial coverage and long-term data that represent the average incoming radiation across the state of Victoria in southeast Australia. These long-term data were coupled with a topographic downscaling algorithm to produce estimates of net radiation and aridity at the resolution of a 20 m digital elevation model. Results show that annual precipitation (and cloud fraction) gradients drive the variability in aridity at large scales (10-100 km) while topography (e.g. slope aspect and slope angle) are the main drivers at small scales (e.g. 1 km). The aridity index varied between 0.24 and 10.95 across the state of Victoria. The effect of aridity on vegetation was apparent at local scales through systematic variations in tree-height along rainfall gradients and across aspects with different levels of exposure to solar radiation. R n /λP, where λ is the latent heat of vaporisation. This ratio is the radiative index of dryness, AI B (Budyko 1974), which can be used alongside measures of R n to examine the effects of water and energy availability on vegetation, soil and water dynamics (e.g. Berry et al. 2006) . Net radiation (R n ) is the energy balance at the earth surface and is a function of short-and longwave radiation fluxes. At large scales, the variability in these fluxes is caused by latitude,
Introduction
Landscape aridity can be calculated from the annual sum of net radiation (R n ) and precipitation (P) through the ratio is highly variable. Large-scale and long-term patterns in radiation fluxes are more effectively measured from geostationary satellites, which provide continental-scale data at high temporal resolution (minutes to hours). With these measurements the spatial distribution of incoming radiation can be characterised over time for large areas, while incorporating the seasonal and year to year variability caused by temporal and spatial changes in atmospheric conditions due to latitude, cloud cover, smoke and dust (Gupta et al. 1999; Ridley et al. 2010; Weymouth and Le Marshall 2001) . The accuracy of satellite derived measures can easily be evaluated at different points in the landscape using ground based measurements of incoming radiation (Weymouth and Le Marshall 2001 ).
In regional-scale studies of soil and water processes the AI B can be quantified using data on broad-scale patterns in rainfall and radiation fluxes (Berry et al. 2006; Berry and Roderick 2004) . In regions with complex terrain however, the localised variation in water and energy availability can be large, and an explicit representation of landscape heterogeneity may be needed in order to model landscape processes (Donohue et al. 2012; Istanbulluoglu et al. 2008 ). However, the methods for representing heterogeneity in net radiation and aridity to date have focused either on the modelling of topographic effects on net radiation at a high spatial resolution within relatively small catchments (< 100 m 2 ) (Wilson and Gallant 2000, Moore et al. 1993) , or on the quantification of regional-scale variation in incoming radiation using satellite data (Boland et al. 2008; Weymouth and Le Marshall 2001) . This study presents a method for downscaling satellite derived data on incoming radiation in order to quantify long-term average values of net radiation and aridity at high spatial resolution over a large area containing complex terrain. Satellite-derived measures of incoming radiation from the Australian Bureau of Meteorology (BoM) provided broad spatial coverage and long-term radiation data at coarse resolution (5 km) across Australia. This data was coupled with models of topographic effects on net radiation to produce a high resolution (20 m) measure of aridity that retained important information on the regional and seasonal trends captured in the regional and long-term data from BoM. The two specific objectives of the study were to: 1. Calculate topographic effects on shortwave radiation using satellite-derived measures of radiation to partition incoming radiation into diffuse and direct components. 2. Combine long-term satellite data with a model of topographic effects and spatially interpolated rainfall to calculate the radiative index of dryness (AI B ) at 20 m resolution across a large region. The paper first describes the method for calculating net radiation and aridity at high spatial resolution, using data and theoretical models of short-and longwave radiation fluxes. As an example of model application, the calculations were then carried out using a 20 m digital elevation model for Victoria in southeast Australia. The region has variable surface albedo, elevation, atmospheric composition and cloud cover (Budyko 1974; Ohring and Clapp 1980; Ohta et al. 1993) . At local scales, the variability is driven primarily by topographic effects, but also heterogeneity in surface albedo and emissivity (Moore et al. 1993; Nunez 1980) . Precipitation (P) varies at large scales with global circulation patterns and regional climatology (Rasmusson and Arkin 1993) , whereas at local scale, the variability in P is caused by prevailing weather patterns and orographic effects (Adam et al. 2006; Hutchinson 1998) . The combination of regional and local variability in P and R n means that energy and water availability is dominated by different variables at different scales. At small scales the topography and local climatology leads to heterogeneous (or patchy) patterns of variability (Band 1993; Moore et al. 1993; Tajchman and Lacey 1986) while factors such as latitude and global circulation patterns lead to gradients of variability at regional and global scales (Running et al. 2000) .
Patterns in water and energy availability can be determined for large scales using a combination of i) satellite data, ii) modelling of surface-atmosphere interactions, and iii) spatial interpolation of point based data (Berry and Roderick 2004; Nemani et al. 2003) . In complex terrain, these approaches underestimate the small-scale variability introduced by orographic and topographic effects on R n and P. Orographic variation in precipitation can be captured to some extent by accounting for the systematic changes in precipitation with elevation (e.g. Hutchinson 1998) . For net radiation, the topographic effects are more complex due to the strong dependency on multiple factors including elevation, slope orientation (slope and aspect), shading and the proportion of diffuse radiation. At mid-to high latitudes, the slope orientation can have large effects on R n with implications for water and energy availability at small scales (Moore et al. 1993 ). The resulting heterogeneity in ecological, hydrological and geomorphic processes at these small scales can be important sources of uncertainty when modelling catchment processes (Badano et al. 2005; Band 1993; Bradstock et al. 2010; Holland and Steyn 1975; Holst et al. 2005; Nunez 1980) . Net radiation in complex terrain can be modelled by combining point data from weather stations with equations that incorporate the effects of elevation, surface geometry and atmospheric attenuation of incoming radiation (Moore et al. 1993; Running et al. 1987; Wilson and Gallant 2000) . This modelling approach is effective at capturing small scale topographic effects on incoming radiation and temperature. Using point based data and a topographic model to model the average long-term radiation at regional scales is problematic, however, when the distribution of weather stations is sparse and the spatial-temporal variations in atmospheric conditions are high. Large uncertainties can be introduced by spatially interpolating point-based climate data to represent the effects of clouds on the partitioning of incoming radiation into diffuse and direct proportions, particularly in mountainous terrain where cloudiness Eqn. 2 is negligible. Precipitation was obtained from monthly precipitation grids (2.5 km resolution) from the Australian Bureau of Meteorology which had been interpolated using a 3-D spline surface fitting algorithm (Xu and Hutchinson 2011) (Table 1) . Monthly daily temperature in each month,T D , was modelled at 20 m resolution using the method described later in section 2.3.
Net radiation (R n ) is the balance of shortwave radiation and the downward and upward longwave radiation fluxes:
where R s is the net shortwave radiation (MJ m -2 day -1 ), R ld (MJ m -2 day -1 ) is the incoming longwave radiation, and R lu (MJ m -2 day -1 ) is the upward longwave radiation. All radiation fluxes are given as daily values averaged for each month. Methods for calculating short-and longwave radiation are described below and shown schematically in Fig. 1 .
Shortwave radiation
The daily net shortwave radiation (R s ) averaged for each month was calculated at 20 m resolution from the global incoming shortwave radiation (R g ), the topographic downscaling factor (S TD ) and the surface albedo (α s ):
R s =(1-α s ) R g S TD
The global incoming shortwave radiation (R g ) is the long-term daily incoming shortwave radiation at 5 km x 5 km grid resolution averaged for each month. It was calculated from instantaneous global horizontal irradiance, GHI (W m -2 ), from the Australian Bureau of Meteorology which uses imagery from geostationary meteorological satellites (JMA and NOAA) (Weymouth and Le Marshall 2001; Table 1 ). Hourly irradiance data from 01 January 1990 to 30 June 2012 was aggregated to produce the long-term average daily R g for each month. ...(4) climate, strong rainfall gradients and areas with complex terrain, and therefore provides an opportunity to explore the effects of climatic and topographic parameters on net radiation and aridity at different scales. Spatial variations in aridity are likely to affect soil, vegetation structure and the overall forest productivity across the landscape. The study therefore includes an exploratory analysis of variation in tree height in order to determine whether forests respond to small scale variation in AI B . Tree height was considered a suitable variable for exploring the environmental effects of AI B because (i) it is related to forest productivity and strongly influenced by water availability (Eamus 2003; Niklas 2007) and (ii) it can be measured using airborne lidar at a resolution and scale which corresponds to the AI B calculations (Nilsson, 1996) .
Methods

Defining aridity and net radiation
Aridity (or the Budyko radiative index of dryness), AI B , was calculated for each month of the year as the ratio of the average daily net radiation, R n (MJ m -2 day -1 ), to the energy required to evaporate the average daily rainfall in that month, λP (Budyko 1958), where P is the average daily rainfall (m day -1 ) in each month and λ is the latent heat of evaporation (MJ m -3 ) which is a function of mean daily temperature, T D (K) (Harrison 1963 Spatial resolution of 0.05 degrees in latitude and longitude (~ 5.0 km). Hourly measurements from January 1990 to 30 June 2012.
Temperature (T 1 )
Mean monthly temperature (K) interpolated using 3-D spline surface fitting algorithm (Xu and Hutchinson 2011) .
Spatial resolution of 0.025 degrees (~2.5 km) Average values produced using data records extending from 1911 to June 2011.
Precipitation (P)
Mean monthly precipitation (mm) interpolated using 3-D Spline (surface fitting algorithm) (Xu and Hutchinson 2011) .
Spatial resolution of 0.025 degrees (~ 2.5 km). Produced from a 30-year rainfall period from 1961 to 1990.
Cloud fraction (C)
Mean monthly cloud fraction interpolated using 3-D spline surface fitting algorithm (Xu and Hutchinson 2011) . Average daily values in each month were obtained from measurement made at 9.00 am and 3.00 pm.
Spatial resolution of 0.1 degrees (~ 10 km). Produced from a 30-year measurement period from 1976 to 2005.
The annual average α s was assigned values based on leaf area index (LAI) of four broad vegetation categories in Victoria (southeast Australia) distinguished based on ecological vegetation class (EVC), which is a classification scheme developed by the Victorian Department of Environment and Primary Industries (2011). The EVCs were grouped into three broad categories of wet, damp and dry forest which were assigned LAI values of four, three and two, respectively, based on the range of values reported for different forest types in southeast Australia (Hill et al. 2006; Pierce et al. 1993 ). Non-forested areas (mainly comprising grasslands and agricultural areas) were assigned an LAI of 1. The LAI was used to calculate α s based on the relation described in Hales et al. (2004) :
Values of α s were 0.15 for wet forests, 0.16 for damp forests, 0.17 for dry forests and 0.20 for all other land surfaces.
When the earth surface is flat the R s in Eqn.4 is equal to (1-α s )R g , while in complex terrain R s may be higher or lower than (1-α s )R g depending on topography. The topographic downscaling factor, S TD , in Eqn.4 adjusts for the effects of variable slope angle, aspect and shading. It was calculated at 20 m resolution using Solar Analyst (ESRI), which couples information on the position of the sun with a DEM to model effects of shading and slope orientation on R s (Fu and Rich 2002) . The algorithms in Solar Analyst generate upward-looking viewsheds based on the DEM and models incoming direct (Dir m ) and diffuse (Diff m ) shortwave radiation separately from each sky direction for a given sun position.
Calculations of Dir m and Diff m were performed at hourly time steps and output as daily values averaged for each month. Due to the large study area of Victoria (227416 km 2 ), the 5 x 5 km grids in the irradiance data from BoM were used as a tile template for data processing with latitude being the mid-point of each tile. A buffer of 1.5 km was added to each tile to eliminate edge effects by ensuring that the effects of topographic shading from outside each five km tile were retained in the modelled shortwave radiation.
The topographic downscaling factor, S TD , was obtained by normalising the modelled shortwave radiation (Dir m + Diff m ) at each 20 m cell in the DEM by R tile , which is the spatially average incoming shortwave radiation modelled for the entire 5 x 5 km tile:
The topographic downscaling matrix, S TD , is the incoming shortwave radiation on a 20 m pixel relative to the average (or global) incoming shortwave radiation across the 5 x 5 km tile.
The diffuse proportion of the shortwave radiation (P diff ) is mainly non-directional and is input to Solar Analyst before calculating Dir m and Diff m . The long-term average P diff was obtained for each 5 x 5 km tile using irradiance data from BoM. First, the direct irradiance on a horizontal surface, DHI (W m -2 ), was calculated from the normal irradiance, DNI (W m -2 ) ( Table 1) 
DHI=DNI cos m
The DHI was calculated for each hour of the year after averaging the hourly DNI data from 1990-2012 into a single year. The hourly values of DNI and DHI were then summed into daily totals and averaged for each month, producing DNI and DHI (in MJ m -2 day -1 ), respectively. Daily diffuse radiation in each month falling on a horizontal surface, R diff (MJ m -2 day -1 ) was then calculated from R g and DHI:
The monthly diffuse proportion (P diff ) at 5 km resolution is then: P diff varies spatially and seasonally depending on variation in cloud cover and sun position.
Longwave radiation
Upward longwave radiation, R lu (MJ m -2 day -1 ) was calculated from:
where ε s is the surface emissivity (0.96 in forests) (Brutsaert 2005) , σ is the Stefan-Boltzmann constant (MJ m -2 K -4 day -1 ) and T D is the topographically adjusted surface temperature.
Long-term average surface temperature is unknown across the Victorian region and T D is therefore assumed to represent both surface and air temperature. Topographically adjusted temperature T D was obtained by combining regionally interpolated monthly average air temperature (T a ) from BoM (Table 1) where T lapse (K 1000 m -1 ) is the change in temperature with elevation, z b is the average elevation (m) within each tile, LAI max is the maximum LAI within each tile, and k is a constant (set to 1). In the southern hemisphere, Eqn.11 increases temperatures on north-facing slopes and decreases temperature on south-facing slopes relative to a flat surface (Moore et al. 1993 ).
Downward longwave radiation, R ld (MJ m -2 day -1 ) was calculated from:
where v is the sky-view fraction, and ε a is the atmospheric emissivity which was calculated based on the equation developed by Swinbank (1963) and modified by Crawford and Duchon (1999) to include the effects of cloud cover:
where C is the monthly cloud fraction (Table 1) . Emissivity varies from 1 for 100 per cent cloud (in which case it is not a ... (7) ... (8) ... (9) ... (10) ... (11) ... (12) ...(13) Method for calculating shortwave and longwave radiation using data from the Australian Bureau of Meteorology (dark tiles) and equations for calculating the effects of local variability in model parameters due to topographic and atmospheric properties (grey tiles). The topographic downscaling factor, S TD , was calculated in Solar Analyst and adjusts for topographic variation in incoming shortwave radiation, R g . The schematic representation of Solar Analyst (bottom right) is modified from Dubayah and Rich (1995) and shows the direct and diffuse shortwave radiation components, Dir m and Diff m respectively, and the angle (i) between the direct beam and the normal to the slope. 
Results
Aridity index for Victoria in southeast Australia
The annual aridity index (AI B ) for Victoria shown in Fig. 2(a) ... (14) was calculated from the yearly sum of net radiation (R n ) and precipitation (P). Aridity (AI B ) across the State of Victoria ranged between 0.24 and 10.95 (Fig. 2(a) ), giving rise to biomes ranging from tall forests in the eastern uplands and the coastal ranges (AI B ≤ 2) to semiarid desert (7 ≤ AI B ≤ 11)
in the northwest of the State. These large-scale variations in AI B correspond with spatial patterns in annual rainfall, which ranges from ~250 mm to ~2500 mm across the State (Fig. 2(b) ).
The annual net radiation (MJ m -2 year -1 ) displays an inverse pattern, with high values in the dry northwest and lower values along the coastal ranges and in high relief areas of the central and eastern uplands (Fig. 2(c) ). On flat surfaces along the coast and in the foothills of the main mountain ranges the mean annual net radiation ranges from approximately 4800-5200 MJ m -2 year -1 , whereas on flat surfaces in the semi-arid desert of the northwest the values range from 5500-5800 MJ m -2 year -1 . These large-scale patterns in R n and AI B are independent of topography and are captured by the satellite derived radiation data (Weymouth and Le Marshall 2001) , cloud cover, and the spatially interpolated rainfall and temperature data from the Bureau of Meteorology (Table 1) . Examples of input parameters and model outputs are provided in Table 2 for summer (January) and winter (July) at two 5 x 5 km tiles that are characteristic of two distinct regions in Victoria: one in the relatively flat and semi-arid northwest (relief = 16 m) and one in the mountainous and high rainfall region of the eastern uplands (relief = 778 m).
As expected, the range of S TD shows that the topographic effects are much larger in the mountainous terrain than in the relatively flat landscape. In winter, when the zenith angle is lower and the topographic effects are strongest, the S TD in the eastern uplands range from 0.18 to 2.04. In the northwest the values range from 0.86 to 1.16. In summer the S TD ranges from 0.49-1.20 in the eastern uplands and from 0.98-1.01 in the northwest. The relatively large range in S TD results in much wider range of R n values and higher variability (see standard deviation in Table 2 in R n in the eastern uplands than in the northwest.
Variation in AI B at different spatial scales
The effects of P, R n and other climatic variables on AI B were explored at different spatial scales along transects in complex terrain. Inverse values were obtained along a 100 km transect that was positioned in upland forested catchments of eastern Victoria where the terrain and climatology provided an opportunity to explore variation in aridity due to rainfall gradients and varying levels of net radiation. The transect ran north to south, starting near Mansfield (37.073°S 146.095°E), and ending near Tanjil Bren (37.978°S 146.108°E). Values at each 20 m x 20 m pixel along the transect were plotted as a function of distance for the entire 100 km transect (shown in Fig. 2) , a 10 km segment and a 1 km segment. The overall trend in AI B across the 100 km transect shows that annual P is the driver of the systematic variability at this spatial scale (Fig. 3) . The values of AI B fluctuate strongly but in broad terms the variability of AI B is inversely related to the precipitation. A peak in precipitation of ~1800 mm corresponds with the minimum AI B . Systematic changes in precipitation are related to elevation and are a function of the 3-D spine interpolation used to create the 2.5 km rainfall grid from point data (Xu and Hutchinson 2011) . Fluctuations in aridity at small scales within the 100 km transect are almost as large as the average change in aridity caused by increasing the rainfall from 900 mm to 1800 mm. The one km segment of the transect shows that these fluctuations are independent of rainfall. Instead they are caused by variation in net radiation, R n , which fluctuates (at high spatial resolution) between 6000 and 2000 MJ m -2 year -1 around a mean value of ~4000 MJ m -2 year -1 . This smallscale variation in R n is caused by aspect-dependent changes in the downscaled incoming shortwave radiation (R g S TD ). At the intermediate scale (10 km), both P and R n influence on AI B . The change in aspect from north to south causes a small drop in AI B as a result of reduced R n , but the reduction is Coordinates given for the northwest corner of the two 5 km x 5 km tiles. negated by the simultaneous effects of reduction in rainfall.
Catchment scale variability of AI B and aspect effects
In the Upper Yarra catchment (336.7 km 2 ), which is one of the main water supply reservoirs for Melbourne, the net radiation is highly variable, ranging from 1587 -6479 MJ m -2 year -1 (mean: 4979 MJ m -2 year -1 standard deviation: 753 MJ m -2 year -1 ). The aridity, AI B , ranged from 0.49 -2.39, with a mean of 1.57 ( Fig. 4(a) ). The range of AI B in the Upper Yarra is higher than the range (1.12-2.03) of values calculated by Tajchman and Lacey (1986) in a smaller and drier catchment (~1 km 2 ) in the Brindabella Mountains (Australian Capital Territory). In general, the AI B values in the Upper Yarra correspond with biomes ranging from closed-forests to open woodland (Berry et al. 2006 ). In the eastern and central uplands of Victoria, the effects of this variability appears as a shift from dry and damp (or mixed-species) eucalypt forest (often dominated by Eucalyptus radiata and E. dives) in low rainfall and high radiation areas to wet eucalypt forest (typically dominated by E. regnans or E. delegatensis at higher elevations) in high rainfall areas (Lane et al. 2010; Nyman et al. 2011) .
Some of the variation in AI B is caused by systematic changes in P and R n with elevation, which ranges from 356 to 1194 metres above sea level. At high elevation there is more rainfall, more cloud and less shortwave radiation. This trend is captured in the regional data from BoM including precipitation (P) and shortwave radiation (R g ). The effect of these variables on AI B at coarse scales is a general shift towards wetter conditions going from the reservoir itself into the higher elevation headwaters to the west and the north (Fig. 4(a) ). The effect of topography (slope orientation and shading) on AI B at fine scales, however, can be just as strong as the effect of rainfall variability across the entire catchment. This is evident from Fig. 4(b) where the aspect effect on R n results in a range of AI B (0.93-2.38) which is only slightly smaller than the range of AI B (0.49-2.39) for the entire catchment area.
The effect of slope orientation on R n and AI B was evaluated by grouping the typical hillslopes (25° ≤ slope ≤ 35°) into eight separate aspect categories or bins (Fig. 5 ). Aspect effects on net radiation, R n , in the Upper Yarra catchment are independent of the scale at which aspect effects are quantified ( Fig. 5(a) and 5(c)). On average, irrespective of the size of the study area, the average R n on north facing slopes is ~2500 MJ m -2 year -1 higher than south facing slopes. At a large scale ( Fig. 5(b) ), this topographic effect on R n translates to AI B range of 1.22-1.86 ( Fig. 5(b) ). At a smaller scale ( Fig.  5(d) ) the topographic effect is slightly larger with AI B ranging from 1.39-2.2. This means that the relative importance of aspect on variation in aridity diminishes when the spatial scale of the analysis increases ( Fig. 5(b) and (d) ), indicating that regional variation in rainfall (data from BoM), related to elevation, may override the effect local variation in incoming shortwave radiation due to aspect. This is consistent with the patterns of variability seen in Fig. 3 and highlights the importance in large catchments of capturing both localised topographic effects and the landscape scale effects from regional climate variability.
Variation in tree height as measure of landscape response to AI B Maximum tree height was measured in 20 m pixels using airborne lidar data and used to examine how forest biomass and limits to growth may be affected by variations in aridity. Lidar data were acquired by the Victorian Department of Environment and Primary Industries at an average density of 0.9 points per meter with a vertical and horizontal accuracy of 35 cm and 50 cm respectively. Elevation, maximum tree height and AI B values were extracted at 20 m cell resolution along two 1 km north to south transects in the central uplands of Victoria. Transects were selected in areas with mature forests that were unaffected by recent fire history, and outside logged areas and agricultural land use. The annual aridity range for the two transect were considered to be representative of low to mid levels of aridity in the eastern uplands of Victoria.
Tree height is very responsive to changes in AI B in the range of elevations (300-900 m.s.l.) (Fig. 6) . Changes in AI B from ~2 to 1 at these elevations correspond with up to a twofold increase in maximum tree height (an increase of ~20 m in absolute terms). Changes in AI B and tree height correspond with changes in slope orientation, suggesting that the variability is driven by the effects of aspect on incoming shortwave radiation. The change in tree height may be a result of increased size of the same tree species, but there may also be increases due to the emergence of new vegetation communities when shifting from one moisture regime to another. High rainfall areas (P > 1400 mm year -1 ), for instance, often support tall closed forest consisting of homogenous stands of Mountain Ash or Alpine Ash (Eucalyptus regnans and Eucalyptus delegatensis, respectively).
Discussion
This paper provides a method for mapping net radiation and aridity at a landscape scale, while taking into account both the regional and the local sources of variation in radiation fluxes and rainfall, thus providing a stronger basis for modelling catchments processes in complex terrain. The method for downscaling longwave and shortwave radiation relied on existing models including SRAD (Moore et al. 1993) and Solar Analyst (Dubayah and Rich 1995) , which were designed to obtain net radiation at high spatial-temporal resolution in relatively small catchments. This study used these models for downscaling regional long-term measurements of temperature and shortwave radiation. This means that the absolute values of net radiation are largely a function of data from BoM, while the topographic effects in S TD and T D are a function of modelling. In a sensitivity analysis of net radiation in complex terrain, Oliphant et al. (2003) found that the characteristics leading to variation in net radiation on clear sky days were mainly slope aspect and slope angle (i.e. slope orientation), elevation, albedo and shading. Sky-view factor and leaf area index were less important. Fig. 4(a) ) and, (c-d) a small sub catchment of the Upper Yarra ( Fig. 4(b) ). Oliphant et al. (2003) found that slope orientation was the most important variable because of its strong impact on the shortwave radiation which comprises the main source of incoming energy. The changing position of the sun with seasons means that the effect of slope orientation is largest during the winter and smallest during the summer months (Holst et al. 2005; Kumar et al. 1997; Lambert and Roberts 1976) . In this study, the effect of seasonal variability was incorporated by modelling topographic effects for each hour of the day in a year using long-term average input from BoM to describe the proportion of diffuse radiation. These data were combined into daily average values of net radiation for each month. This means that the topographic effects, S TD and T D , take into account cloud cover which varies seasonally and spatially and which can be an important source of variability, particularly at large scales where spatial and temporal patterns in cloud cover are common (Oliphant et al. 2003 ). Combining regional data on cloud cover and the relative partitioning of diffuse and direct shortwave radiation is one of the key strengths of the methods presented in this paper for calculating R n .
The study shows in accordance with earlier studies from the southeast Australian region that topography contributes to large variation in net radiation, R n (Moore et al. 1993; Tajchman and Lacey 1986) . Local variation in R n due to topographic effects can be larger than the regional scale variation due to the broader climatic patterns of rainfall, temperature and cloudiness. In complex terrain of the central and eastern uplands of Victoria, the range of R n (2000-6000 MJ m -2 year -1 ) at small (1< km) scales produce variation in AI B which can have implications for vegetation structure and composition, fire regimes, soil properties and ecohydrologic feedbacks (Bradstock et al. 2010; Istanbulluoglu et al. 2008; Kirkpatrick and Nunez 1980; Tajchman and Lacey 1986) , and hence the hydrologic and geomorphic processes operating in the landscape (Donohue et al. 2012; Mitchell et al. 2012; Nyman et al. 2011) . Net radiation in the southeast Australian region and other mid latitude (temperate) regions is particularly sensitive to the effect of topography because that is where the effect of slope orientation on incoming radiation is strongest (Holland and Steyn 1975; Holst et al. 2005) . In these regions it is therefore important that research in ecohydrology and geomorphology are placed into the context of the net radiation (energy availability) and aridity (water availability). Water and energy availability provide a framework for synthesising and evaluating the similarities and differences in research findings from different parts of the world. However, the methods for modelling these topographic sources of variation as part of local and regional characterisation of climate, geomorphology and ecohydrological processes have been lacking. Surface albedo depend on many properties including solar zenith angle, background soil type and moisture content, amount of green leaves, amount of dead leaves, leaf angle and snow properties (Hales et al. 2004; Oliphant et al. 2003) . In this paper the albedo was assumed to be constant throughout the year and was modelled based on the leaf area index (Hales et al. 2004 ), which was assigned four different values based on forest type or land-use. For non-deciduous forests, we assumed that LAI and albedo were constant over time. This is a simplified representation of LAI and albedo and can be improved for areas where seasonality is important. On agricultural land for instance, a more realistic representation of albedo would include seasonal effects associated with grass curing, crops, and other temporal land-use effects. Furthermore, the effects of snow at high elevations were not taken into account because of the lack of long-term data on snow cover and subsequent changes in albedo. During winter the calculations will therefore overestimate the net radiation in areas above the tree line where there is consistent snow cover and where canopy effects are negligible. Improved representation of withinyear variations in albedo and LAI can be incorporated into net radiation calculations by using long-term AVHRR data (e.g. Austin et al, 2013; Schaaf et al. 2002) .
The exploratory correlation between tree height and AI B along transects in mountainous terrain indicate that aridity may be useful metric for predicting variability in vegetation. Future work will aim to explore these relations in more detail and develop quantitative basis for predicting ecohydrological and geomorphic processes in landscapes where water availability is variable at fine scales. This paper assumes that aridity, as a measure of water availability, is a function of rainfall and net radiation at a point and thus independent of sub-surface hydrological processes on hillslopes. This representation does not include nonlocal effects due to redistribution of water from upslope areas, nor does it include the local effects of soil depth, both of which can be important for local water availability (Daws et al. 2002; Gómez-Plaza et al. 2001) . Using the AI B in the future to resolve variations in ecohydrological processes at fine spatial scales may require a model that incorporates the redistribution of excess water on hillslopes into the local water balance at each grid cell. The effects of this redistribution is likely to be most important in humid catchments because these have more available excess water than catchments situated in semi-arid environments (Gómez-Plaza et al. 2001 ).
Conclusion
The study describes a method for downscaling of satellite derived data on incoming radiation in order to quantify net radiation and aridity at high spatial resolution over a large area containing complex terrain. Using Victoria (southeast Australia) as a case study, the outputs show that the aridity responds to different parameters at different scales, resulting in heterogeneity and complex patterns of variability in catchment properties at scales of 10 km 2 and larger. The method of combining regional climate data with models of local topographic effects will be useful for applied and theoretical studies that aim to:
1. Model landscape processes such as wildfire, erosion and fate of water and carbon in landscapes with complex terrain. These processes are sensitive to fine-scale variations in soil properties, moisture regimes, vegetation and the associated eco-hydrological feedbacks. 2. Model potential effects of climate change on water availability and vegetation dynamics. Changes caused by variation in climate can be captured most effectively when models operate at a scale and resolution which corresponds with patterns of variability in landscape properties and processes. 3. Investigate the effects of seasonality in water and energy availability as controls on ecohydrological processes. The aridity index was calculated based on the monthly values of R n and P, and therefore provides a basis for examining the role of temporal dynamics in climate. 
Symbols and units
